The fundamental equations are linearized by the method of small perturbations for the conditions of hydrostatic equilibrium and geostrophic balance of meridional forces. I n a first case, Fickian momentum diffusion is used; in a second case, a shear-and latitude-dependent eddy viscosity is used. A wave solution for the zonal wind oscillation, having in meridional profile the shape of a probability curve, is substituted in the equation of zonal motion. This procedure leads first to conditions on parameters, next t o a solution for the meridional wind, and, through the remaining perturbation equations, finally to solutions for the remaining perturbation quantities. The tempernture perturbation follows from thc thermal wind equation and has the same probability curve shape in meridional profile as does the zonal wind disturbance.
INTRODUCTION
The problem of accounting for westerly momentum over the equator is fundamental to an understanding of the 26-month oscillation.
Despite an ever-increasing description of the fundamental fields of oscillation, the mode of equatorward transfer of westerly momentum remains unspecified, except, residually, as lying somewhere in the mysteries of the Reynolds stresses (Reed [ 5 ] ) . The apparent small scale of the eddies accounting for the transfer of momentum, and the sparsity of observations in the Tropics, have thus far prevented the detection of correlation between zonal and meridional wind fluctuntions.
Reed [6] has now extended the description to include meridional and vertical fields of motion. I n brief, the oscillation is now seen to consist of downward-propagating cells of circulation in meridional cross-section, with air drifting equatorward during westerlies and poleward during easterlies.
Vertical motion over the equator is positive between the level of westerlies and the easterlies above them, and negative between the level of westerlies and the easterlies below.
This more complete description now assists in making a diagnostic evaluation of specific forms for the Reynolds stress terms in the equation of zonal motion.
PURPOSE
The purpose of this paper is to determine to what extent two common forms of momentum diffusion can describe the observed changes of zonal momentum in the 26-month oscillntion. The first form o f momentum diffusion search, under Contract Nonr 2173(02) at the University of Arizona, and by a grant from 1 The research rcportcd in this article has been supported by the Off~ce of Naval Rethe National Science Foundation at the Department of Atmospheric Sciences of the University of Washington. analyzed is Fickian; in the second case a shear-and latitude-dependent eddy viscosity is analyzed. The method of small perturbations is used, although, where relevant, the usually neglected nonlinear terms are assessed. Two layers are considered: a layer above about 25 km. where the amplitude is nearly invariant with height, and a layer below about 25 km. where the amplitude attenuates downward. The procedure to be followed here is essentially diagnostic. A function for the best known oscillation, that of zonal wind, will be substituted in the equution of motion. This leads to 811 evaluation of the assumed form of the momentum diffusion, and, if the correct form of zonal wind is used, i t is possible to deduce from the complete set of equations the oscillations of temperature, vertical and meridional motion, and the heating function.
THEORY
The undisturbed equatorial stratosphere will be assumed to be in hydrostatic equilibrium.
Hence
where P and Q are undisturbed pressure and density, r e s p e c t i v e l y .
T h e undisturbed motion includes a zona.1 component as shown by Reed and Rogers [7] . Vertical and meridional mean motions must also exist, but their magnitudes have not yet been determined. Hence the mean motion is specified, for the present, V=iU+jV+kW,
where Here asterisks denote instantaneous values, crLpitals without asterisks denote undisturbed values, and lower case letters denote perturbation quantities.
A perturbation equation of zonal motion averaged around the earth in the vicinity of the equator may be obtained by the usual procedures of the perturbation method. Here we assume vertical momentum flux proportional to vertical gradient of momentum. This is consistent with the nearly constant downward propagation of phase, and no compelling evidence can be found for a different form.
The form of meridional diffusion is not so clear, and a m:~jor purpose of this paper is to examine the consequences of t-wo substnntinlly different assumptions concerning the form of the meridional diffusion. Because the oscillation is propagating downward and attenuating downward in the lower tropical stratosphere, and since Fickian diffusion is known to dissipate extremes, it seems conceivable that Fickian diffusion might account for momentum changes in the lower stratosphere. This will be treated as a first case. I n a. second case, a shewand latitude-dependent meridional eddy viscosity will be assumed. 
If
The long period of the oscillation strongly suggests geostrophic balance of the nleridional pressure gradient force, and Reed [4] has verified from observations and the thermal wind equation that the motion is in fact geostrophic. Hence the northward component of the equation of motion nmy be written as
The long period and large scale suggest also that the oscillation is in hydrostatic equilibrium. This assumption has been used with success in the study of baroclinic instability. Hence the perturbation equation of vertical motion becomes in view of (1) . Equation (5) does not, of course, exclude vertical motion, which must appear in non-negligible terms of the equations of continuity and thermodynamic energy. The perturbation equation of state nlay be written as Now equations (6), (7) , and (8) may be combined to yield a thermal wind equation which replaces all three:
Small terms, including one in lapse rate, have been neglected.
For completeness and later reference we may also write down the perturbation equations of continuity and thermodynamic energy. The perturbation equation of continuity avcrnged over longitude may be written as
I n obtaining a thermodynanlic energy equation, we equate individual change of potential temperature to the divergence of turbulent enthalpy flux plus a heating function which includes contributions from radiation and molecular heat conduction, the latter probably negligible. The individual derivative of potential temperature is expanded, and, in the local and horizontal advection terms, the potential temperature is approsinlhted by ambient tempersture. In the term for vertical diffusion, the quantity peT"Khr, where Khz is the vertical eddy conductivity, is assumed constant for simplicity and similarity of eddy 1 59 viscosity and eddy conductivity terms.
I n the term for horizont<al diffusion, potential temperature is replaced by ambient temperature, and Khy, the northward eddy conductivity, is assumed constant. Thus the perturbation thermodynamic energy equation becomes where r and y are adiabatic and ambient lapse rates, respectively, and h is the heating function.
The system of perturbation equations now c0nsist.s of (5), (9), (lo), and (11). If h is speci6ed from radiation theory, the dependent variables are u , v, w, and r. In principle, three of these could be eliminated and a differential equation derived for the amplitude of the fourth. These equations turn out to be cubic or quartic wit,h variable coefficients, a situation which, in the absence of a clear understanding of the form of momentum diffusion, or of the proper boundary conditions, makes analysis extremely dif6cult as well as inconclusive.
It seems more profitable at this &age to specify the va,rinble which is best known from observations, substitute and determine those remaining variables such as v and w which are not easily measured directly. I n this way the complete perturbation structure may in principle be determined. The best known variable is, of couIse, the zonal wind. If it is substituted in the zonal momentum equation, (4) or (5), then a solution for meridional wind is obtained. T o the extent that the correct terms and forms of terms have been included, the solution for v will agree with conclusions drawn by Reed [6] from Observations. These indicate equatorward drift during westerlies and poleward drift during easterlies, with magnitudes of a few centimeters per second. Substitution of the observed zonal wind in (4) or (5) also leads to conditions on various parameters of the problem. The sense of these conditions also serves to evaluate the assumed form of the terms in the momentum equation. Since momentum changes in the oscillation are the principal problem, the purpose of this paper will be to follow the aforementioned procedure and strive to determine what forms for monlentum diffusion lead to physically realistic conditions on paraineters and solutions for the meridional wind.
The zonal wind oscillation is most intense and most accurately reported within 20" of the equator. The simplest zonal wind oscillation which describes the observations with good accuracy is a downward-propagating and downward-attenuating disturbance whose latitudinal profile has the form of the normal .probability curve, 
where uEM is the magnitude of u over the equator at a reference level where z is zero, k is a real, positive constant which determines the rate of decrease of amplitude with increasing distance from the equator, aa is a constant which determines the rate of downward attenuation, ap is the
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positive wnve number, und Y =~T (26 mo.)" is the frequency. Equation (12) specifies a simultaneous phase at all latitudes. Reed's and Rogers' [7] analysis of observations shows phase varying by as much as 3 mo. within 20" of the equator. This variation is small compared with the period (26 1110.) and will be neglected here for simplicity. However, a conqdex k is readily handled mathematically. The choice of the probability curve for the meridional profile is justified not only by direct comparison with amplitudes presented by Reed and Rogers [7] , but also by comparing with observations the temperature disturbance which it implies through the thermal wind equation. Thus, from (9), by partial (meridional) integration, where uE is u over the equator, and where the temperature disturbance has been assumed to vanish at latitude yo.
Within about 20" of the equator,, f =ZQa"y, where Cl is the earth's angular velocity and a is earth radius. Hence where , $ is a dulnn~y variable corresponding to y. Integration yields 
w=nrctan a,/ffa. (16) Hence the temperature disturbance precedes the zonal wind disturbance by ( 1 3~1~) months, has in meridional profile the shape of a nornml probability curve, is positive for y<yo and negative for y>yo. All these features are consistent with a model presented by Reed [6] on the basis of observations. Of course, the temperature profile is not so reliably known as the zonal wind profile, but it is readily verified that an exponential, rather than a probability, profile for the zonal wind disturbance, leads, through: the thermal wind equation, to R temperature profile which is difficult to adjust quantitatively or qualitatively t o observations. In (15) if we set aa=ap = 2~/ 2 6 km., T=210" K., k=5X10-3 (Iat. deg.)-2, u=20 m. sec." at the equator, y0=15 lat. deg. (Reed [6] ), the temperature amplitude over the equator becomes 2.7" C., a value in good agreement with Reed's
[4] results.
Therefore, (12) is a faithful representation of the observed zonal wind disturbance, and when it is substituted in (5), defects which arise in t'he conditions on constants or in the solution for v must then be traced to the form of the momentum diffusion terms.
where Substitution of (12) in (5) yields
[Wa~+2k-K~u(1-Zk~2)--K,,(a~-a~)-2kV
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It is nom nec,essary t o specify bU/by. Reed and Rogers [7] show the amplitude of mean zonal wind as a function of latitude. Between 25 and 50 mb. the mean zonal mind is a few meters per second easterly over the equator, of the order of 10 t o 15 111. sec." easterly around 10" N., and less easterly fart(l1er north. Examination of magnitudes shows that bU/dy nlay not be neglected in comparison mithf within 10" of the equator, but that f>bU/dy for latitudes greater than 10". The zonal wind profiles as sketched by Reed and Rogers are r o u d e d a t the equator, and, with sufficient accuracy for our purposes, may be specified in the form u=ua+Ule-'~2, It will therefore be assumed that Vvmishes at the equator. Now, by taking the limit as y+O in (17), the term in v vanishes, and we obtain the following conditions on parameters : (21) where the subscript E denot,es evaluation at the equntor. There is thus no particular reason t o reject a Fickiau form for vertical mo*mentum diffusion in the attenuating layer.
K m , (~~-~~) -2 k K m u -~~~a a = 0 , (20)
V -~~, C Y~K ,~,~W E~~~O ,
In the non-attenuating layer in the middle stratosphere, aa=O, and in this case TVE=-vapl=-c. This suggests that diffusion is here uninlport,ant but gives no indicat,ion of the correctness of the formulrttion.
ATHER REVIEW
The condition (20) involves meridional diffusion and is, unlike (21), difficult to reconcile with known facts. If K,, and T V E are both positive, then (14) requires aa>ap.
Thus (14) cannot apply t o the non-attenuating layer. Analysis by Reed [6] indicates that 01, and a P are of the same order in the attenunting layer. (19) shows that meridional velocity vnnishes at the equator. At other latitudes, equatorward drift is associated with westerlies and polewtwd drift, with easterlies. These are properties of the model of observed structure presented by Reed [6] . Within about 20" of the equator,f"2Qa"y, and, in view of (19), it, is nccurabe t'o write Polemard of roughly 7" lat., the second term in t,he denorninabor is negligible, and v reaches a maxinnml lnagnitude where t,lle product y u reaches a maximunl. [3] , W is probably maximum positive over the equator, while V is probably zero at the equator and increases poleward within the Tropics. The pha.se difference between u and v will depart from 180" (13 mo.) with increasing distance from t,he equator.
,In
We may conclude that when the probable mean motions are introduced, it becomes impossible to obtain a reasonable condition on the parameters or a reasonable solution for meridional velocity under the assunlption of Fickian diffusion of momentum. Physically the difficulty in the attenuating layer lies in the circumstance that upward motion gives negative advection, so that Kmy must be negative in order to concentrate westerly momentum.
While a negative Kmw is not of itself alarming, the subsequent solution for v does not appear realistic. The possibility must also be considered that the nonlinear terms neglected in the perturbation method may in fact not be of higher order and negligible. The terms are v(3ulby) and w(bu/bz). The first vanishes at the equator and cannot affect the results. The second term should be completely negligible because w is estimated by Reed [6] as roughly 0.01 cm.
see.", or approximately one-tenth W.
The consequences of severnl forms of spatial variation of the meridional diffusion coefficient have been investigated, but none of these has led to more realistic conditions on parameters or a more realistic solution for the meridional wind disturbance.
Next, we will consider t,he consequences of assuming n shear-dependent eddy viscosity. h!Iurgatroyd and Singleton [3] indicate almost no mean meridional motion across the equator in the lower and middle stratosphere. Reed [6] indicates that the meridional wind field in the 26-mo. oscillation also vanishes at the equator.
These circumstances, together with vanishing of Coriolis and pressure gradient forces suggest that meridional eddy mixing nmy also be much smaller near the equator. Here it will be assumed that this is the case, that meridional eddy motions on all scales become very sn~all as the equator is approached. Alternatively, it will be assumed that those eddies which effect a momentum exchange have increasingly restricted meridional displacements as the equator is approached. In complete analogy with the ca,se of vertical eddy transfer of momentum near the ground for adiabatic conditions, we assume that mixing length is proportional to distance from the equator and that meridional velocity fluctuations are proportional to the mixing length and the meridional shew. Thus where the positive or negative sign applies when bulby is posit,ive or negative, respectively. In the adinbatic case near the earth's surface, y would be replaced by z and the constant K would be 0.16, the square of the von Icarman constant. Whether it may be so identified in the present case is doubtful, but it will be nssumed to have the mme order of magnitude. 
2 a a~p K m z -~p , T y E =~.
In these expressions K,, and 147E are least. well-known.
Solving for t,hem we obtain
